Many species expanded their geographic ranges from core ''refugium'' populations when the global climate warmed after the Pleistocene. The bottlenecks that occur during such range expansions diminish genetic variation in marginal populations, rendering them less responsive to selection. Here, we show that range expansion also strongly depletes inbreeding depression. We compared inbreeding depression among 20 populations across the expanded range of a common European plant, and found that marginal populations had greatly reduced inbreeding depression. Similar patterns were also revealed by multilocus computer simulations. Low inbreeding depression is predicted to ease conditions for the evolution of self-fertilization, and selfing is known to be particularly frequent in marginal populations. Therefore, our findings expose a remarkable aspect of evolution at range margins, where a history of expansion can reverse the direction of selection on the mating system, providing a parsimonious explanation for the high incidence of selfing in marginal populations.
T he geographic distribution of plant, animal, and microbial species is often the result of a complex history of range expansion and contraction. The occurrence of many populations at mid to high latitudes, for example, can be attributed to range expansion from core ''refugium'' populations at lower latitudes due to global warming after the Pleistocene (1) . Because such range shifts may involve repeated population bottlenecks during colonization and population growth, marginal populations are often less variable at both neutral and nonneutral loci than populations at the core of species and will be less able to respond to natural selection if additive genetic variance is depleted (2) .
Bottlenecks are also expected to erode genetic variation responsible for inbreeding depression, either through the purging of recessive deleterious mutations by selection when they are expressed in homozygotes, or through their stochastic fixation by drift (3) (4) (5) (6) (7) (8) . The purging of a population's load of deleterious mutations will increase its mean fitness compared with populations that have not been purged, whereas the fixation of such mutations will reduce fitness. Either way, colonization bottlenecks are expected to cause inbred and outbred progeny to resemble one another genetically, and inbreeding depression measured as the reduced fitness of inbred (e.g., self-fertilized) versus outbred progeny within a population should, therefore, be reduced in marginal populations. There is abundant evidence for the purging of inbreeding depression in artificially bottlenecked populations, and for the fixation of genetic load (9) . However, we are not aware of any evidence that range expansion bottlenecks could lead to reduced inbreeding depression toward the margins of a geographic range of a species.
Whether range expansion depletes inbreeding depression in marginal populations has important implications for our understanding of the evolution of their life histories and reproductive systems. For example, in many plant species, the incidence of self-fertilization is greater in geographically marginal populations than in the core of the species (10) . Similarly, the frequency of asexual reproduction in plants and animals is well known to be higher in marginal populations, a pattern referred to as ''geographic parthenogenesis'' (11) (12) (13) (14) (15) . Three main hypotheses have been invoked to explain this greater frequency of uniparental reproduction in marginal populations.
First, because marginal populations may be less affected by biotic interactions with competitors, pathogens, and parasites (16) , the advantages of sex and recombination in balancing the 2-fold cost of sex would be reduced (11, 17, 18) . Second, asexuality (12) or self-fertilization (19) will establish preferentially in marginal populations, because uniparental reproduction prevents mating with poorly adapted migrants from core regions of the species distribution (14) . And third, asexuality and selffertilization may be common in marginal populations because of the benefits of reproductive assurance during colonization and establishment at low density (20, 21) . Of these three hypotheses, putatively reduced mating opportunities at range margins are widely seen ''as the crucial ecological context for the evolution of selfing'' (10, 22) .
The reproductive assurance hypothesis supposes that selfing evolves in marginal populations because the benefits conferred by uniparental reproduction when mating opportunities are scarce, during colonization, might outweigh the costs of producing selfed progeny with reduced fitness, i.e., inbreeding depression. Inbreeding depression is widely accepted as the principal factor regulating the evolution of mating systems and the maintenance of selfing vs. outcrossing (10, (23) (24) (25) (26) . However, patterns of variation in inbreeding depression have hitherto not been considered as a possible explanation for the higher incidence of selfing in marginal populations. If inbreeding depression is reduced by range expansion, this reduction in itself could prompt the evolution of self-fertilization in marginal populations, even in the absence of selection for reproductive assurance.
Here, we test the hypothesis that range expansion depletes inbreeding depression by comparing the fitness of selfed versus outcrossed progeny within each of 20 hexaploid populations of the European plant Mercurialis annua. Hexaploid M. annua expanded its geographic range from a North African refugium into the Iberian Peninsula along two separate corridors in the east and west, probably after the Pleistocene glaciation ( Fig. 1 ) (27) . Range expansion of M. annua diminished both neutral genetic diversity (27) and additive genetic variation for key life-history traits (2) . Thus, we hypothesized that if range expansion also reduced variation caused by deleterious recessive Author contributions: B.P. and J.R.P. designed research; B.P., S.-R.Z., and J.S.V. performed research; B.P. and J.R.P. analyzed data; and B.P. and J.R.P. wrote the paper.
mutations, then inbreeding depression would be lower in northern populations compared with those in the south. To evaluate the pattern of variation in inbreeding depression observed along the corridors of range expansion, we compared our results with those produced by multilocus computer simulations of inbreeding depression during, and subsequent to, a range expansion similar to that hypothesized for M. annua.
Results
Inbreeding Depression in Populations of M. annua. We plotted components of inbreeding depression (␦) for each population against latitude (Fig. 2 ). As predicted, we found that ␦, measured in terms of both male reproductive effort (MRE) and plant size (estimated by both height and biomass), declined with latitude (linear regressions for MRE: r 2 ϭ 19.5%, P ϭ 0.029; height: r 2 ϭ 46%, P ϭ 0.001; biomass: r 2 ϭ 19.7%, P ϭ 0.028). Interestingly, we found no relation between inbreeding depression in female reproductive effort (FRE) and either latitude or neutral diversity (P ϭ 0.44 and 0.60, respectively). MRE is a key life-history trait that is expected to correlate closely with fitness in windpollinated plants such as M. annua (28) (29) (30) , and reproductive success typically increases with size in plants (31) . As expected, we found that total ␦ also declined with latitude ( Fig. 2B) .
A nonlinear quadratic model provided a better fit for the relation between total ␦ and latitude (r 2 ϭ 45.9%; P ϭ 0.002) than a linear model (r 2 ϭ 32.4%; P ϭ 0.005). This nonlinearity is reflected by the fact that although the drop in ␦ between populations in the putative refugium in north Africa and those in the expanded range of the species in the Iberian Peninsula was highly significant (r 2 ϭ 44.8%; P ϭ 0.001), there was no significant decline in ␦ with latitude among the Iberian populations themselves; indeed, there was no significant difference between the fitness of selfed versus outcrossed progeny in Iberian populations, whether the Iberian populations were analyzed as a single group of populations (Iberian Peninsula: P ϭ 0.978) or as two separate groups distributed along the eastern and western corridors, respectively (eastern Iberia: P ϭ 0.905; western Iberia: P ϭ 0.912). The steep initial decline and subsequent shallower decline in inbreeding depression were well described by asymptotic exponential curves (Fig. 2) .
Computer Simulations of Inbreeding Depression During a Range
Expansion. The pattern of a single sudden drop in inbreeding depression between North Africa and Iberia would seem to require an explanation invoking a single severe colonization bottleneck, for example, across the Strait of Gibraltar between Africa and Spain, followed by a range expansion in the Iberian Peninsula with less severe bottlenecks. Alternatively, the pattern might still be consistent with a scenario of range expansion along corridors of colonization characterized by repeated bottlenecks of similar intensity. To assess this possibility, we ran computer simulations of a range expansion from a single outcrossing refugium population and measuring inbreeding depression as a function of distance from the source of origin. We first allowed the source population to reach an equilibrium between the influx of partially recessive deleterious mutations and their removal by selection, and we then allowed the species to expand its range along a 1D array of habitat patches by stepping-stone migration and exponential population growth to a local carrying capacity, assuming identical per-individual migration rates between neighboring patches.
Our simulations revealed a pattern of inbreeding depression among populations similar to that observed for M. annua: There was a sharp decline in inbreeding depression between the source and the first populations along the expansion corridor, followed by a markedly shallower decline (Fig. 3) . Although the absolute decline was reduced to some extent when bottlenecks were less severe, the nonlinear pattern remained (compare Fig. 3 A and  B) . When all habitat patches were first fully occupied by the range expansion, populations at the extreme margin showed almost no inbreeding depression compared with those at the source. With the passage of time, inbreeding depression in these marginal populations gradually increased as a result of both new deleterious mutations and the migration of mutations along the expansion corridor from the source (Fig. 3) . However, even with relatively high migration rates, the shape of decline in inbreeding depression from source to marginal populations was maintained for long periods of time. We also simulated various scenarios involving a single severe bottleneck close to the refugium, and the results were qualitatively similar to those found for the simple model invoking uniform spread. Accordingly, although it is possible, and even likely, that the reduced inbreeding depression in Iberian populations is a result of a single severe bottleneck close to the refugium, there is no compelling reason to reject a model assuming equivalent bottlenecks along the length of the expansion corridors.
Discussion
Inbreeding depression within populations declines dramatically between North African populations of hexaploid M. annua in its putative Pleistocene refugium and Iberian populations north of the Strait of Gibraltar, but there is relatively little change in inbreeding depression with latitude further north. Our computer simulations indicate that this pattern is consistent with a range expansion due to recurrent bottlenecks of similar size along a 1D corridor north. However, although the observed pattern does not require an explanation invoking a single severe bottleneck followed by spread by, for example, diffusion (32) , neither can we rule out an expansion through a single bottleneck, which would also be consistent with our observations and is perhaps even more likely. Either way, our results indicate that range expansions can have a dramatic effect not only on patterns of neutral and additive genetic variance (and a corresponding ability to respond to selection) (2, 33) , but also on inbreeding depression, a key factor affecting the evolution of mating and sexual systems (10, (23) (24) (25) (26) 34) .
Transitions from outcrossing to self-fertilization are expected to be selected when inbreeding depression is low (10, (23) (24) (25) (26) . Therefore, one might expect populations in which inbreeding depression has been reduced by range expansion to be more susceptible to the invasion and spread of mutations that increase the selfing rate (7). Marginal populations might then evolve self-fertilization in response to reduced inbreeding depression rather than, or in addition to, selection for reproductive assurance. The raised incidence of self-fertilization in marginal populations is well known and is widely attributed to selection for reproductive assurance in populations where mate or pollinator availability is low (10, 22) . Our study prompts a new hypothesis that the association between the mating system and geographic marginality may be due to selection under evolved low levels of inbreeding depression brought about by expansion bottlenecks.
It would be difficult to test our hypothesis using species that have in fact undergone a shift from outcrossing to selfing between core and marginal populations. In such cases, an association between phylogeography and inbreeding depression would be confounded by variation in the mating system: Reduced inbreeding depression could be the result either of range expansion, as hypothesized here, or of purging after a transition to self-fertilization precipitated by other causes. In contrast, although M. annua has undergone several shifts in its sexual system between combined and separate sexes in various parts of its geographic range (30) , its mating system is not confounded with the observed geographic patterns in inbreeding depression. Eppley and Pannell (35) inferred low selfing rates of Ͻ0.2 for high-density populations of M. annua sampled from its northern range margin, similar to those estimated for populations in the southern core of the range of the species (36) . Because the floral morphology and sex allocation of monoecious individuals of M. annua are largely invariant across the species range (2), the observed reduction in inbreeding depression with latitude is more likely to be a consequence of range expansion, as exposed by our simulations, than of purging after a shift from outcrossing to selfing, which has not occurred. We emphasize that, although range expansion can evidently reduce within-population inbreeding depression in marginal populations, this reduction does not imply that marginal populations are in any way ''fitter'' as a result. On the contrary, the repeated genetic bottlenecks associated with a range expansion are likely to fix deleterious mutations in marginal populations, reducing their fitness ( Fig. 3 C and D) (7, 8) . Although marginal populations may suffer lower absolute fitness, critically natural selection may still favor mutations that alter the selfing rate, because both selfed and outcrossed progeny will have a similar, lowered, fitness.
Geographically marginal populations of many species are the result of relatively recent range expansions, particularly those at high latitudes (1) . In cases where such populations also display elevated selfing rates, our study indicates that the reduction of inbreeding depression by range expansion could facilitate an evolutionary transition from outcrossing, irrespective of local mate or pollinator availability. Thus, our findings expose a remarkable aspect of evolution at range margins, where a history of expansion can reverse the direction of selection on a key predictor of the mating system. They further imply that uniparental reproduction will have evolved more frequently at species range margins that have been established by a recent range expansion than at those that have not.
Materials and Methods
Generation of Experimental Populations. Because M. annua is wind-pollinated and produces its flowers indeterminately, we could not self and outcross different flowers on the same plants. Thus, we created a pool of selfed and outcrossed progeny for each of the 20 populations sampled, and estimated inbreeding depression for each population by comparing then. For each population, outcrossed progeny were generated by sampling seeds from parents grown together in groups of 50 at high density; selfed progeny were generated by pooling seeds sampled from each of three plants isolated from each other and other plants using screens in the same greenhouse. Twenty selfed and 20 outcrossed progenies were then grown for each population in the same glasshouse at the same time, distributed randomly on the bench. Fitness was assayed when plants were 6 weeks old.
Measures. We measured inbreeding depression by comparing fitness components of selfed with outcrossed progeny within each population separately. In particular, we estimated the total fitness of the ith individual in terms of its relative contribution to the population's production of seeds and pollination cloud: wi ϭ si ϩ pis /p , where s and p are the mean seed production and mean pollen production of all outcrossed individuals in the respective population. For every plant, we recorded the dry weight of male flowers, seeds, aboveground parts, and height. MRE and FRE were calculated as the ratio of male and female allocations, respectively, to above-ground plant biomass.
Analysis. For each population, components of ␦ were calculated as ␦ ϭ 1 Ϫ w self/wout for wout Ͼ wself, ␦ ϭ wout/wself Ϫ 1 for wout Ͻ wself, where wout and wself are the mean fitnesses of selfed and outcrossed progeny, respectively. Estimates of inbreeding depression were plotted against the latitudes of the 20 populations, and linear and second-order polynomial regression models were compared. We also fitted three-parameter asymptotic exponential curves to our data, using nonlinear regression. All analyses were conducted in R (www.R-project.org).
Simulations. We simulated the effects of a range expansion on inbreeding depression by allowing a single source population to expand its range along a 1D corridor of length 100. Each population had a carrying capacity of 1,000 individuals, and individual fitness was reduced by mutations to deleterious alleles occurring at each of 100 independently segregating loci. We first allowed the source population at one end of the array to reach an equilibrium between mutation and selection. We then allowed range expansion to fill the array by stepping-stone colonization. We allowed the array to evolve for a further 1,000 generations, and recorded inbreeding depression and the number of deleterious mutations accumulated within each population (for detailed description of the model, see SI Materials and Methods).
